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1.  Background 


Recent  chemical  models  of  solid  rocket  motor  (SRM)  exhaust  predict  that  stri^ospheric  ozone 
levels  in  the  plume  will  be  depressed  from  ambient  values  by  after-burning  HCl.  Although  the 
size  and  persistence  of  the  predicted  reduced  ozone  concentrations  are  a  sensitive  function  of  the 
plume  dispersion  rate,  data  measuring  this  rate  are  nearly  nonexistent.  The  total  database  for  this 
parameter  consists  of  a  single  plume  expansion  rate  of  an  unidentified  rocket  (presumably  a 
Titan  TTT)  measured  by  photographic  cameras  placed  at  three  ground  positions  taken  more  than 
20  years  ago.  These  data  measured  expansion  of  the  plume  at  the  lower  edge  of  the  stratosphere 
(18  km)  for  10  min  after  vehicle  passage  and  were  presented  in  a  committee  report.  The  expan¬ 
sion  rate  reported  was  about  an  order  of  magnitude  greater  than  that  used  in  some  of  the  models 
of  SRM  stratospheric  plume  chemistry.  More  recently,  a  plume  expansion  rate  at  an  altitude  of 
30  km  (also  observed  for  10  min  after  vehicle  passage)  was  made  from  an  existing  video  tape  of  a 
recent  STS  plume.^  This  rate  is  about  a  factor  of  2  greater  than  the  rate  measured  at  18  km.  Cur¬ 
rently,  there  are  no  measurements  of  plume  expansion  as  a  function  of  altitude,  as  a  function  of 
launch  conditions,  and  for  longer  than  10  min  after  vehicle  passage. 

In  order  to  add  to  this  limited  database,  a  series  of  ground-based  measurements  are  planned  using 
cameras  to  image  the  plume.  It  appears  possible  to  enhance  the  contrast  of  the  image  of  the 
plume  against  the  bright  sky  by  placing  spectral  and  polarizing  filters  in  front  of  the  lenses  of 
these  cameras.  This  enhancement  technique  exploits  Ae  different  polarization  characteristics  of 
sunlight  that  is  Rayleigh-scattered  from  the  troposphere  and  sunlight  that  is  Mie-scattered  from 
the  plume  in  the  stratosphere.  This  contrast  enhancement  should  permit  the  observation  time  to 
be  increased  beyond  the  10  min  previously  attainable.  Measuring  plumes  for  several  launches 
will  allow  the  variation  of  the  plume  expansion  rate  to  be  studied  as  a  function  of  stratospheric 
conditions.  Imaging  the  plume  from  at  least  two  appropriately  placed  ground  positions  will  per¬ 
mit  the  diameters  to  be  measmed  and  permit  differentiation  between  plume  expansion  and  plume 
shearing.  This  differentiation  is  important  since  expansion  dilutes  the  chemical  concentrations  in 
the  plume  and  changes  the  rate  of  the  chemical  reactions,  whereas  shearing  simply  segments  par¬ 
cels  of  the  plume  without  dilution.  The  instruments  for  acquiring  these  images  are  currently 
being  built.  This  report  presents  data  from  an  initial  measurement  in  this  sequence  that  used  an 
existing  instrument  to  measure  the  plume  expansion  of  a  Titan  IV  vehicle.  Although  this  instru¬ 
ment  was  not  ideal  for  this  application,  it  did  permit  the  measurements  to  be  made  with  little  lead 
time  in  order  to  take  advantage  of  an  nearly  ideal  launch  window. 
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2. 


Launch  Details 


2.1  Viewing  Geometry 

K-2  was  launched  from  Space  Launch  Complex  40  (SLC-40)  and  was  viewed  from  Universal 
Camera  Site  7  (USC-7)  of  the  Kennedy  Space  Center.  These  sites  are  shown  in  Figure  1;  their 
coordinates,  along  with  other  useful  sites  shown  in  Figure  1,  are  given  in  Table  1.  USC-7  is  6.7 
km  north  and  2.9  km  west  of  SLC-40.  The  view  from  USC-7  to  SLC-40  in  shown  in  Figure  2. 
Most  of  the  features  identified  in  this  photograph  are  part  of  SLC-41  and  were  used  to  verify  the 
calibration  of  the  field-of-view  (FOV)  of  the  cameras. 


The  approximate  vehicle  ground  track  and  the  ground  projection  of  the  observation  line-of-site 
vector  at  two  times  is  also  indicated  in  Figure  1.  There  was  a  considerable  change  in  the  azimuth 
of  the  cameras  as  they  tracked  the  vehicles  during  ascent.  This  change  in  azimuth  was  useful  in 
assuring  that  the  different  altitudes  were  well  separated  during  the  plume  expansion.  In  this 
respect,  an  observation  site  with  a  viewing  vector  orthogonal  to  the  ground  projection  of  the  vehi¬ 
cle  track  at  the  desired  altitude  is  the  most  advantageous.  A  three-dimensional  plot  of  the  viewing 
vector  and  the  vehicle  trajectory  is  shown  in  Figure  3.  Plots  of  the  predicted  vehicle  altimde  and 
distance  and  as  a  function  of  time  and  the  predicted  azimuth  and  elevation  as  a  function  of  alti¬ 
tude  are  shown  in  Figure  4.  The  values  in  these  plots  were  calculated  from  geodetic  latitude,  lon¬ 
gitude,  and  altitude  predictions  made  by  a  general  trajectory  simulation,  three  degree  of  freedom 
(GTS  3DOF)  algorithm.^  These  values  were  used  for  planning  the  mission.  Similar  plots  made 
from  the  telemetry  data  received  after  the  launch  are  presented  in  Figure  5  and  show  little  differ¬ 
ence  from  the  predicted  values  given  in  Figure  4  on  the  scale  presented. 

Table  1.  Coordinates  of  Sites  Indicated  in  Figure  1 


Site 

Latitude 

Longitude 

SLC-34 

28.520 

-80.563 

SLC-40 

28.562 

-80.577 

SLC-41 

28.5834 

-80.5829 

UCS-02 

28.527 

-80.623 

UCS-07 

28.622 

-80.607 

UCS-15 

28.578 

-80.608 

ITL 

28.518 

-80.586 

Static  Test  Road 

28.532 

-80.616 

Press  Site 

28.584 

-80.646 

Banana  River 

28.610 

-80.670 
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Kennedy  Space  Center  + 
Cape  Canaveral  Air  Station 


Banana  v 
Creek 


^*5^  \\  \ 


sr-m 


UCS-7 


SLC-41 
SA  WTwrrm 


JOHN  F.KENHl 
(SMOr  CEHIB, 


Press 

Site 


UCS-15 


^bUTM  tOUNOAir-NSC 
fNOCni  MUNBAfr  >  CCAFS 
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30  km  Altitude 


1  ^  I  static  Test  I// ff 

Road 

^  /  Viewing  Site  /B.*r 

- 


SLC-40 


CAK  CANAVIML  AS  POKt  STATION 


ITLSitel  SLC-34 


Figure  1.  Map  showing  the  launch  and  observation  positions.  The  vehicle  track  and  ground  projection  of  viewing  line 
are  indicated  for  an  altitude  of  30  km. 
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Figure  2.  View  of  the  K-2  vehicle  before  launch  from  USC-7.  The  objects  identi¬ 
fied  in  the  photograph  were  used  to  verify  the  field-of-view  measure¬ 
ments  made  in  the  laboratory  given  in  Section  3.  From  left  to  right,  the 
objects  are:  (1)  SLC-41  ME  lightning  tower;  (2)  SLC-41  Mobile  Service 
Tower;  (3)  Pad  39A  J8-1513  LH2  Facility;  (4)  SLC-41  SW  lightning 
tower;  (5)  SLC-40  SE  lightning  tower;  (6)  SLC-40  Mobile  Service 
Tower;  (7)  SLC-40  UT  and  rocket;  (8)  Pad  39A  J8-161 1  Flarestack;  (9) 
Pad  39A  J8-1610  Water  Tank. 


Figure  3.  Three-dimensional  view  of  the  experimental  geometry. 
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ELEVATION  (degrees)  DISTANCE  (km) 


ALTITUDE  (km) 


Figure  4.  Plots  of  the  predicted  vehicle  altitude  and  distance  and  as  a  function  of  time  and  the  predicted 
azimuth  and  elevation  as  a  function  of  altitude  calculated  from  the  geodectic  latitude,  longi¬ 
tude,  altitude  prediction  of  Ref.  9. 
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AZIMUTH  (degrees) 


ELEVATION  (degrees)  DISTANCE  (km) 


ALTITUDE  (km) 


Figxire  5.  Plots  of  actual  vehicle  altitude  and  distance  and  as  a  function  of  time  and  the  actual  azimuth  and 
elevation  as  a  function  of  altitude  calculated  from  the  telemetry  data. 
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AZIMUTH  (degrees) 


2.2  Plume  Illumination 

K-2  was  launched  3  July  1996  at  00:30  GMT  (2  July  1996  at  20:30  EDT).  Local  sunset  was 
00:24  GMT  (20:24  EDT).  [10]  Thus,  the  vehicle  was  launched  6  min  after  local  sunset  at  ground 
level.  The  time  between  ground-level  sunset  and  sunset  at  any  altitude  can  be  estimated  using  the 
expression  given  Figure  6.  The  value  of  15°/h  given  for  O)  is  correct  for  a  location  on  the  equator 
at  equinox  when  the  sun  travels  in  a  direct  east-west  arc  through  the  zenith.  The  variation  of  ® 
with  date  and  latitude  is  complex,  but  because  the  launch  took  place  within  1  week  of  summer 
solstice  when  the  peak  elevation  of  the  sun  was  about  5®  from  zenith  (latitude  of  28.5°-23.5°),  this 
value  for  w  is  approximately  correct.  The  stratospheric  altitudes  of  interest  for  this  work  are 
between  18  and  30  km.  Since  the  instrument  afforded  only  one  viewing  angle  and  the  launch 
occurred  after  ground-level  sunset,  a  viewing  angle  corresponding  to  an  altitude  of  30  km  was 
chosen  to  permit  the  greatest  viewing  time  before  sunset  at  altitude.  Using  this  simple  formula, 
sunset  was  projected  to  occur  22.2  min  after  ground-level  sunset  at  30  km.  This  agreed  with  the 
observation  that  the  plume  went  dark  15  min  after  data  acquisition  began  (launch  6  min  after 
ground  level  sunset  +  1.5  min  for  vehicle  to  reach  30  km  +  15  min  observation  time  =  22.5  min). 

The  launch  time  was  very  close  to  ideal  for  this  experiment.  Because  the  troposphere  (where  95% 
of  the  air  molecules  reside)  was  unlit,  all  light  scattering  came  from  the  SRM  plume  particles,  and 
this  signal  did  not  have  to  compete  with  background  Rayleigh  scattering  from  the  air  molecules. 
Therefore,  contrast  was  excellent,  and,  for  this  launch,  there  was  no  need  for  polarization  filters  to 
cancel  the  Rayleigh  scattering. 


Figure  6.  Estimated  time  interval  after  ground  sunset  of  sunsets  at  higher  altitudes.  The  value 
of  15°/hr  is  an  approximation  for  the  date  and  latitude  of  the  launch. 
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3.  instrument 


The  instrament  comprised  five  video  cameras  that  were  fixed  to  look  at  a  single  position  in  the 
plume.  This  system  was  designed  to  study  the  effects  of  polarization  on  images  of  terrestrial 
objects  (particulate  laden  water,  desert  soil,  boat  wakes,  etc.).^^  Specifically,  the  system  included 
five  Hatachi  KP-140  solid-state  CCTV  cameras,  each  connected  to  a  JVC  BR-S405U  portable 
video  cassette  S-VHS  recorder  as  shown  in  Figure  7.  The  frames  from  the  cameras  could  be  syn¬ 
chronized,  and  time  signals  from  a  satellite  clock  receiver*^  were  recorded  on  one  audio  channel 
of  each  recorder.  The  second  set  of  audio  channels  was  used  for  voice  annotation  though  a 
microphone.  Four  of  the  cameras  were  locked  in  a  rigid  housing  that  forced  each  camera  to  view 
the  same  scene  except  for  the  small  parallax  caused  by  the  stacked  vertical  mounting  (see  Figure 
8).  Each  of  these  four  cameras  had  their  internal  infrared  blocking  filter  removed  and  was  con¬ 
figured  with  an  external  lens,  spectral  filter,  and  polarizer.  The  polarizers  were  ganged  to  require 
the  simultaneous  rotation  through  a  single  knob.  The  gearing  of  the  polarizer  rotation  assembly 
did  not  permit  a  rotation  rate  fast  enough  to  allow  the  effect  of  an  change  in  the  polarization  to 
be  easily  discerned  by  eye.  A  fifth  camera  was  an  unmodified  KP-140  mounted  adjacent  to  the 
bottom  of  the  stack  of  cameras  and  aimed  to  view  the  same  scene.  A  polarizer  mounted  on  this 
camera  could  be  adjusted  independently  from  the  other  four  cameras.  All  five  cameras  were 
mounted  on  a  single  tripod. 


Polarizer  .  Stacked  Optional 

Filter  /.  , ,  Frame  Sync 

/  /Assembly  (^otused)  Audio  1  In 


Lens 


CCTV 


Lens 


CCT\' 


Lens 


CCTV 


Lens 


CCTV 


S-VHS 

Becorder 

S-VHS 

Recorder 

S-VHS 

Recorder 


S-VHS 

Recorder 


Annotation 

Microphone 


'  Satellite 
Clock 
Receiver 


Audio  2  In 


Video 

Switch 

Video 

Monitor 

\'y 

Figure  7.  Video  components  used  for  recording  the  K-2  plume  expansion.  The  configuration  of 
each  camera  is  given  in  Table  2.  The  output  from  each  camera  could  be  viewed  by  a 
video  monitor.  The  GOES  satellite  clock  receiver  used  an  IRIG-B  output  format 
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Figure  8.  Photograph  of  the  video  instrument  used  to  record  the  K-2  plume 
expansion.  The  cameras  are  directed  to  approximately  the  initial 
elevation  and  azimuth  angles  of  the  SRM  plume. 

The  lenses,  filters,  polarizers,  and  FOVs  of  the  cameras  are  given  in  Table  2.  The  FOV  values  pre¬ 
sented  in  this  table  were  measured  using  a  tripod-mounted  encoder  with  an  accuracy  of  <  ±0.03° 
and  verified  at  UCS-7  using  the  objects  identified  in  Figure  2.  Calibrating  the  FOV  of  the  cam¬ 
eras  in  situ  using  even  very  accurately  surveyed  objects  yielded  an  uncertainty  of  about  ±  0.5° 
due  to  the  uncertainty  in  the  exact  position  of  the  cameras. 

Table  2.  Camera  Parameters 


Camera 

No. 

Lens 

(mm) 

F# 

Setting 

Spectral 

Filter 

Polarizer 

FOV 

(deg) 

1 

Nikkor 

50  mm  FL 
F#1.2 

2.8 

510nm 

OOnmFWHM 

75%  max  transmission 

Melles  Griot 
03FPG007 
Dichoic  Sheet 

8.86  H 

6.65  V 

2 

Nikkor  AF 

24  mm  FL 
F#2.8 

2.8 

510  nm 

OOnmFWHM 

75%  max  transmission 

Melles  Griot 
03FPG007 
Dichoic  Sheet 

18.51  H 
14.04  V 

3 

Nikkor 

50mmFL 

F#1.2 

2.0 

700-900  nm 

40%  max 
transmission 

Melles  Griot 

03FIG005 

NearIR 

8.78  H 

6.59  V 

4 

Nikkor  AF 
'24  mm  FL 
F#2.8 

2.8 

700-900  nm 

40%  max 
transmission 

Melles  Griot 
03FIG005 

Near  IR 

18.61  H 
14.04  V 

5 

Nikkor  AF 

24  mm  FL 
F#2.8 

2.8 

Factory 

Internal 

Melles  Griot 
03FPG007 
Dichoic  Sheet 

not 

measured 
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4.  Results 


4.1  Data  Acquisition  and  Anaiysis  Procedures 

The  procedure  used  to  acquired  the  data  was  straightforward.  The  cameras  were  focused  on 
infinity,  and  the  apertures  were  preset  so  that  clouds  in  the  area  viewed  at  the  time  of  ground-level 
sunset  produced  high-contrast  images  on  a  video  monitor.  The  aperture  settings  used  dvuing  data 
acquisition  are  given  in  Table  2.  The  angle  of  the  polarizers  was  preset  to  view  light  polarized 
parallel  to  the  scattering  plane  (the  plane  defined  by  the  camera  position,  the  point  observed  in 
the  plume,  and  the  position  of  the  sun).  The  cameras  imaged  SLC-40  during  countdown  and 
followed  the  vehicle  during  ascent  for  90  s.  The  azimuth  and  elevation  of  the  cameras  then  were 
fixed  temporarily  so  that  the  vehicle  position  at  T+90  s  was  near  the  center  of  the  FOV.  This 
position  corresponded  to  an  altitude  of  30  km  (see  Figures  4  and  5).  After  a  few  seconds  of 
plume  expansion,  a  bulge  appeared  near  this  30  km  position,  and  this  bulge  was  used  to  locate  the 
30  km  position  at  all  subsequent  times.  The  azimuth  and  elevation  of  the  cameras  were  adjusted 
as  required  to  keep  this  feature  in  view  as  the  plume  blew  across  the  sky. 

Data  analysis  was  equally  straightforward.  The  video  tapes  were  played  on  a  S-VHS  player  and 
viewed  on  a  large  monitor  (horizontal  dimension  =  41.3  cm;  vertical  dimension  =  30.6  cm).  At 
time  T  =  +90  s,  a  timer  was  started  and  used  to  record  the  expansion  time.  Measurements  of  the 
linear  widths  perpendicular  to  the  direction  of  the  vehicle  track  were  taken  directly  from  the 
screen  with  an  estimated  accuracy  of  ±  10%  and  then  converted  to  angular  widths  using  FOV  val¬ 
ues  given  in  Table  2.  These  angular  widths  were  converted  to  plume  widths  by  noting  that 

>v  =  2£K0sin(Aa/2),  (1) 

where  w  is  the  width  of  the  plume,  D(t)  is  the  distance  from  the  camera  to  the  plume,  and  Aa  is 
the  angular  width.  Note  that  D(t)  is  a  function  of  time,  changing  as  the  plume  moves  across  the 
sky.  It  was  observed  that  the  plume  moved  generally  toward  the  camera  as  it  expanded.  If  the 
plume  segment  that  was  being  viewed  moved  directly  toward  the  camera,  then  (see  Figure  9a) 

IKt)  =  H/smiao+Qt),  (2) 


where  H  is  the  altitude,  which  was  assumed  not  to  change  (i.e.,  the  winds  have  little  vertical  com¬ 
ponent)  as  the  plume  blew  across  the  sky,  «<,  is  the  elevation  before  the  plume  moves  (=  55°  from 
Figure  4),  and  Q  is  the  angular  rate  at  which  the  plume  moves  across  the  sky. 

This  is  the  maximum  correction  since  it  is  unlikely  that  the  plume  moved  exactly  toward  the  cam¬ 
era.  Because  the  camera  was  not  configured  for  measuring  changes  in  elevation  and  azimuth,  the 
exact  correction  is  not  known.  The  true  expansion  rate  will  be  between  these  two  limits. 
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(a)  VERTICAL  VIEW  (b)  GROUND-TRACK  VIEW 


DISTANCE 


£>(,  =  INI’nAL  CAMERA 
PLUME-SEGMENT  DISTANCE 
ALTITUDE 


sin(a„+n.t) 


GD  PROJECTION 
OF  PLUME  OBSPT 


Figure  9.  Geometry  used  to  estimate  plume  motion,  (a)  View  of  vertical  plane  containing 
plume  segment  and  camera  indicating  plume  motion  toward  camera  position;  (b) 
view  of  ground  track  showing  meridional  and  zonal  components  of  the  wind. 

For  the  initial  vehicle  position  at  an  altitude  of  30  km  and  the  assumed  wind 
direction:  x  =  -80.439®,  long.,  y  =  28.71 1°  laL,  0  =  27.9°,  <j)  =  2.6°. 


An  estimate  of  the  value  of  D(t)  between  the  two  limits  can  be  obtained  from  predictions  of  the 
stratospheric  zonal  and  meridional  winds.  These  winds  are  fairly  constant  for  a  given  season  and 
location  tmd  can  be  used  to  define  the  direction  of  plume  motion.  In  the  northern  hemisphere 
during  July  at  an  altitude  of  30  km,  the  predicted  zonal  (E-W)  wind  velocity  is  -22  m/s  (from  the 
east),  and  the  meridional  winds  have  predicted  velocities  of  about  -f1  m/s  (from  the  south)^  based 
on  the  NASA/AF  Range  Reference  Atmosphere.  Using  this  predicted  wind  to  define  the  direc¬ 
tion  of  the  motion  of  the  plume  (see  Figure  9b),  we  find  that  a  fraction  of  0.86  of  the  plume 
velocity  is  projected  along  the  camera  line-of-sight.  This  projection  defines  the  component  of 
the  plume  velocity  that  decreases  D(t);  the  orthogonal  projection  of  the  velocity  increases  D(t), 
offsetting  partially  this  decrease.  The  plume  velocity  direction  is  easily  incorporated  into  the 
analysis  by  noting 


+  Vj^t)  +(yo+VyO  +H 


(3) 


where  Xg  =  10.0  km,  y^  =  18.8  km,  H  =  30.0  km,  v,  =  -1.139  km/min,  v,  =  0.052  km/min. 
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4.2  Results 

The  center  of  the  plume  moved  across  the  sky  at  an  initial  rate  of  1.75°/min.,  a  rate  that  increased 
by  about  10%  over  a  lO-min  time  period  as  expected  if  the  plume  were  approaching  the  camera 
at  a  constant  velocity.  This  angular  velocity  corresponds  to  a  wind  velocity  of  19+2  m/s  (67 
km/hr)  at  an  altitude  of  30  km  and  a  range  of  36.6  km.  Using  the  wind  direction  defined  by  the 
model  discussed  above,  we  find  a  zonal  component  of  19  m/s  and  a  meridional  component  of  1 
m/s. 

A  few  seconds  after  the  vehicle  passed  an  altitude  of  30  km,  a  bulge  appeared  in  the  plume  (see 
Figures  10  and  11).  The  time  required  for  the  vehicle  to  pass  between  the  location  were  the  bulge 
occurred  to  the  narrower  diameter  marked  at  T  +  90s  was  about  0.75  s,  which  corresponds  to  an 
altitude  difference  of  0.5  km.  Expansion  rates  were  measured  at  both  the  bulge  at  an  altitude  of 
29.5  km  and  the  plume  at  an  altitude  of  30  km  to  indicate  the  variability  of  the  expansion  rates 
possible  at  very  closely  spaced  altitudes. 

The  diameters  as  a  function  of  time  for  the  plume  and  the  bulge  are  shown  in  Figures  12  and  13, 
respectively.  The  values  presented  are  an  average  of  measurements  made  using  the  visible  and 
infrared  short  focal  lens  instruments  (cameras  #2  and  #4  in  Table  2).  It  was  observed  that  the 
contrast  was  better  for  the  infrared  camera.  Changing  the  angle  of  the  polarizer  during  the 
observation  did  not  markedly  change  the  contrast  of  either  of  the  visible  or  infrared  images,  as 
expected;  however,  as  noted  above,  gearing  of  the  polarizer  adjustment  knob  made  it  difficult  to 
change  the  polarization  angle  fast  enough  to  visually  perceive  a  contrast  change. 

The  data  at  30  km  were  acquired  for  only  12  min,  even  though  the  sun  did  not  set  at  this  altitude 
for  another  3  min  because  the  plume  width  grew  to  be  larger  than  the  FOVs  of  the  cameras.  The 
plume  was  still  visible  during  this  additional  3  min.  The  width  of  the  bulge  was  measurable  for 
only  7  min  before  it  expanded  beyond  the  cameras’  FOVs.  The  solid  lines  and  solid  circle  in 
these  plots  display  the  inferred  diameters  using  a  constant  value  for  the  distance  between  the  cam¬ 
era  site  and  plume  observation  point.  The  open  circles  and  the  dotted  lines  show  the  effect  of 
applying  the  maximum  correction  for  decreasing  camera-plume  separation,  as  discussed  above. 
The  maYimnm  correction  lowers  the  expansion  rate  by  about  15%.  As  noted  above,  the  true 
diameters  and  expansion  rates  will  lie  between  these  two  sets  of  values.  Using  the  predicted  wind 
direction  given  above  to  correct  for  the  plume  motion  yields  an  expansion  rate  of  0.50±0.03 
km/min  at  an  altitude  of  30  km  and  0.67±0.05  km/min  for  the  bulge  at  an  altitude  of  29.5  km. 
The  vmcertainties  are  those  obtained  on  the  slope  for  a  regression  fit  to  an  assumed  linear  func¬ 
tion  (correlation  coefficient  values  of  0.995  and  0.996  for  the  plume  and  bulge  fits,  respectively). 
It  is  interesting  to  note  that  the  expansion  rate  of  the  bulge  is  also  linear  and  nearly  40%  greater 
than  that  of  the  plume  even  though  the  bulge  is  separated  by  an  altitude  difference  of  only 
0.5  km. 
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Figure  11.  Expansion  to  6  min. 


15 


PLUME  DIAMETER 
AT  ALTITUDE  OF  30  KM 
(K-2,  2  JULY  96) 

Slope  =  0.48  km/min. 


5  4-  Slope  =  0.50  km/min. 

I-  ^ 


Slope  =  0.43  km/min. 

(Drift  Rate  =  1.75°/min) 


PLUME  TIME  AT  30  KM  (MIN) 

Figure  12.  Diameter  of  the  plume  at  an  altitude  of  30  km  for  12  min  after 
vehicle  passage. 


BULGE  PLUME  DIAMETER 
AT  ALTITUDE  OF  30  KM 
(K-2,  2  JULY  96) 

Slope  =  0.60  km/min. 
Direction  Weighted  Drift 


Slope  =  0.62  km/min. 
Stationary  Plume 


Slope  =  0.55  km/min 

Drift  Rate  =  1.75°/min 


PLUME  TIME  AT  30  KM  (MIN) 

Figure  13.  Diameter  of  the  bulge  in  the  plume  at  an  altitude  of  29.5  km  for  7 
min  after  vehicle  passage. 


16 


Table  3  compares  the  expansion  rates  from  previous  observations.  The  value  reported  by 
Hoshizaki^  for  a  Titan  m  SRM  at  an  altitude  of  18  km  is  the  smallest.  The  rate  reported  recently 
by  Belting^  for  a  Titan  IV  at  30  km  is  twice  the  Hoshizaki  rate.  The  rate  reported  in  this  report 
for  the  plume  falls  between  these  two  previously  reported  rates.  The  rate  for  the  bulge  is  slightly 
higher  than  the  previous  measurement  at  the  30  km  altitude.  The  other  rates  listed  in  this  table 
are  estimates  that  were  indirectly  inferred  by  Beiting’  from  fly-through  data  taken  near  18  km. 


Table  3.  Expansion  Rate  Comparison 


Measurement 

Type 

Altitude 

(km) 

Duration 

(min) 

Expansion  Rate 
(km/min) 

Hoshizaki  [8] 

Rim 

18 

10 

0.3 

Pergament  et  al.  [14] 

Ry-through 

18 

(12)* 

(0.3)** 

Strand  et  al.[15] 

Ry-through 

19 

(7.13)* 

(0.15-0.5)** 

Beiting  [7] 

Visible  Video 

30 

10 

0.6 

This  Work 

IR  and  Visible  Video 

30 

12 

0.48  -  0.60 

*  Time  after  SRM  passed  through  the  indicated  altitude  that  plane  that  flew  through  the  plume. 
**These  values  were  inferred  from  pilot  estimated  times  of  plume  traversal  time  and  aircraft  speed. 
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5.  Conclusions 


The  K-2  launch,  which  took  place  6  min  after  ground-level  sunset,  afforded  an  exceptional 
opportunity  to  observe  a  Titan  IV  plume  expansion  under  nearly  ideal  conditions.  High-contrast 
images  were  recorded  throughout  the  15-niin  interval  when  the  plume  was  illuminated  by  sun¬ 
light  because  the  sunlight  scattered  from  the  troposphere  was  greatly  reduced.  Had  the  sun  not 
set  at  the  observational  altitude,  the  morphology  of  the  plume  could  have  been  studied  for  longer 
times.  The  results  indicate  that  there  is  a  40%  variability  in  the  expansion  rate  at  adjacent  alti¬ 
tudes.  Within  the  uncertainty  of  the  measurements,  the  expansion  rate  was  constant  during  the 
12-min  observation  window.  The  expansion  rate  of  the  bulge  section  of  the  plume  measured 
here  was  the  same  as  the  expansion  rate  of  the  K-10  plume  measured  at  an  altitude  of  30  km 
reported  previously.  It  is  interesting  to  note  that  very  little  plume  drift  was  observed  during  the 
recording  of  the  K-10  plume  expansion.  The  expansion  rate  of  the  plume  section  measured  at  an 
altitude  of  30  km  (which  appeared  to  be  more  typical  of  the  rates  at  adjacent  altitudes)  was  60% 
greater  than  the  rated  previously  reported  by  Hoshizaki  at  an  altitude  of  18  km. 

The  decision  to  acquire  the  data  presented  in  this  report  was  made  a  few  weeks  before  the  launch 
of  K-2.  The  nearly  ideal  launch  conditions,  quality  of  data  obtained,  and  experience  gained  from 
the  field  campaign  fully  justified  the  effort.  However,  because  it  took  advantage  of  an  existing 
instrument  that  was  not  designed  for  this  type  of  observation,  a  more  suitable  instrument  is  being 
assembled.  Changes  from  the  instrument  used  here  include:  azimuth  and  elevation  readouts  on 
the  cameras  to  tract  plume  motion;  wider  field-of-view  lenses  to  permit  longer  viewing  times; 
independent  cameras  aimed  at  different  altitudes  to  study  the  altitude  dependence  of  the  expan¬ 
sion  rate;  polarizers  mounted  to  permit  rapid  and  individual  rotation  of  polarization  angles; 
greater  infrared  wavelength  response  to  enhance  the  contrast  between  the  Mie  scattered  light 
(signal)  from  the  plume  and  the  Rayleigh  scattered  light  from  the  troposphere  (background);  and 
greater  pixel  digitization  depth  for  image  processing.  Future  campaigns  may  use  multiple  sites  to 
discover  the  true  three-dimensional  shape  of  the  plume  and  aid  in  the  identification  of  plume 
breakup 

Several  outstanding  topics  can  be  addressed  with  these  additional  campaigns.  The  first  is  the 
altitude  dependence  of  the  dispersion.  Altitude-differentiated  data  will  allow  models  of  plume 
chemistry  to  be  developed  that  will  be  applicable  throughout  the  stratosphere.  Similarly,  meas¬ 
urements  throughout  the  year  at  both  the  eastern  and  western  test  ranges  will  elucidate  any  sea¬ 
sonally  and  geographically  dependent  plume  characteristics.  Higher-contrast  images  will  dis¬ 
cover  the  fate  of  the  plume  at  longer  times.  Specifically,  does  the  expansion  continue  at  a  linear 
rate  and  hold  together,  or  does  it  break  up  and  shear  into  individual  volumes  that  do  not  further 
dilute?  The  answer  to  this  question  also  has  important  consequences  for  the  chemical  models 
used  to  predict  the  local  ozone  depletion.  Finally,  it  would  be  quite  useful  if  the  viewing  interval 
could  be  extended  to  the  time  where  the  RISO  flight  and  LIDAR  data  begin.  These  longer  view¬ 
ing  times  will  permit  the  overall  morphology  of  the  plume  to  be  discovered,  providing  a  context 
in  which  those  data  may  be  more  readily  interpreted. 
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